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Abstract
Podocyte injury is the main cause of proteinuria in lupus nephritis (LN). Nestin, an important cytoskeleton protein, is
expressed stably in podocytes and is associated with podocyte injury. However, the role of nestin in the pathogenesis
of proteinuria in LN remains unclear. The correlations among nestin, nephrin and proteinuria were analyzed in LN
patients and MRL/lpr lupus-prone mice. The expression of nestin in mouse podocyte lines (MPCs) and MRL/lpr mice
was knocked down to determine the role of nestin in podocyte injury. Inhibitors and RNAi method were used to
explore the role of mitophagy and oxidative stress in nestin protection of podocyte from damage. There was a
significantly negative correlation between nestin and proteinuria both in LN patients and MRL/lpr mice, whereas the
expression of nephrin was positively correlated with nestin. Knockdown of nestin resulted in not only the decrease of
nephrin, p-nephrin (Y1217) and mitophagy-associated proteins in cultured podocytes and the podocytes of MRL/lpr
mice, but also mitochondrial dysfunction in podocytes stimulated with LN plasma. The expression and
phosphorylation of nephrin was significantly decreased by reducing the level of mitophagy or production of reactive
oxygen species (ROS) in cultured podocytes. Our findings suggested that nestin regulated the expression of nephrin
through mitophagy and oxidative stress to protect the podocytes from injury in LN.

Introduction
Long-term severe proteinuria is one of the main clinical

manifestations of lupus nephritis (LN), one of the most
severe and frequent complication of systemic lupus ery-
thematosus (SLE), and a sign of poor prognosis1. The
patients with LN have varying degrees of renal injury and
proteinuria, and proteinuria levels are also unstable in the
LN patients, which are associated with a strong self-
renewal and repair system of the glomerular filtration
membrane2. In the early LN, it is possible to repair the
pathological damage to filtration membrane caused by

various complements and cytokines through self-
regulation. However, as the disease progresses, the
injury cannot be completely repaired, thereby leading to
severe proteinuria3. Therefore, it is of great significance
and urgency to explore the self-repair mechanism of
glomerular filtration membrane in early-stage LN and its
failure mechanism in late-stage LN, thereby further pre-
venting proteinuria and relieving renal damage in LN
patients.
In a variety of distinct mechanisms of proteinuria, the

podocytes dysfunction or injury is the most important
cause4,5. Nestin is specifically expressed in differentiated
and mature podocytes6–8. Knocking out the expression of
nestin in mice podocytes could cause extensive dis-
appearance or fusion of the foot processes9. In addition,
the expression of nestin protein in the glomerular podo-
cytes increased transiently and then decreased followed by
increased proteinuria while the wistar rats were injected
with aminonucleoside puromycin (PAN)10. Our previous
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experiments have confirmed that nestin protein was ele-
vated in high-glucose-stimulated podocytes and diabetic
rats and was associated with proteinuria levels11. How-
ever, the relationship between the expression of nestin
and the podocyte injury or proteinuria in LN is poorly
understood.
Podocyte-induced proteinuria is associated with the

expression of pore-membrane protein. Nephrin is an
important component of the fissure membrane, and its
abnormal expression indicates damage to the membrane.
Researches have shown that the mutation of the phos-
phorylation site of nephrin could cause the abruption of
podocyte foot processes and severe proteinuria12, and
phosphorylation and dephosphorylation of nephrin tyr-
osine residues are mainly regulated by fyn and protein
tyrosine phosphatase 1B (PTP1B). Fyn belongs to protein
tyrosine kinase (PTKs) family, and PTP1B, a group of
reactive oxygen species (ROS)-sensitive enzymes, belongs
to the protein tyrosine phosphatase (PTPs) family13.
However, what is the relationship between nestin and
nephrin?, and how the phosphorylation level of nephrin is
not thoroughly understood.
In this study, firstly we observed the relationship

between nestin and proteinuria in patients and mice with
LN. Then we elucidated whether nestin protected podo-
cytes from injury by regulating nephrin expression and
phosphorylation, through regulating mitophagy and oxi-
dative stress.

Materials and methods
Patients and samples
Thirty-two patients diagnosed as II-V LN (ISN/

RPS2003 taxonomy) were recruited from the Inpatient
Department of Nephrology, the Second Hospital of Hebei
Medical University from 2015 to 2018, including 7 males
and 25 females, aged 22−50 years old. Percutaneous
puncture was performed under ultrasound guidance for
renal biopsy. We divided the LN group to two groups
according to the mean proteinuria (3.63 g/24 h): mild
proteinuria group (LN-MP) and severe proteinuria group
(LN-SP) (LN-MP group UPro < 3.63 g/24 h; LN-SP group
UPro > 3.63 g/24 h). The 20 control renal tissues were
obtained from patients with renal tumors during opera-
tion, such as renal clear cell carcinoma and renal
leiomyoma, without primary glomerulonephritis, hyper-
tension, diabetic nephropathy or other history of auto-
immune diseases, pathologically diagnosed as normal
kidney tissue, as age and gender consistent with the LN
group. Renal tissues were fixed with 4% formaldehyde for
hematoxylin and eosin (HE), periodic acid-Schiff
staining (PAS), immunohistochemistry (IHC) and
immunofluorescence (IF).
Plasma samples were acquired from five patients with

active LN (UPro= 2.848 ± 1.10 g/24 h), without the

initiation of immunosuppressive therapy, infections or
other complications and underwent therapeutic plasma
exchange. All patients met the 2012 revised criteria for
SLE and LN and were diagnosed at the Department of
Rheumatology of the Second Hospital of Hebei Medical
University from August 2016 to June 2017. Five plasma
samples were collected from healthy donors, whose age
and sex matched the LN patients, and named as the
control group. The study was approved by the Clinical
Research Ethics Committee of the Second Hospital of
Hebei Medical University. Written informed consent was
obtained from each study participant.

Animals
Female MRL/lpr lupus-prone mice and MRL/MPJ mice

were purchased from Jackson Laboratory (#JAS000485,
Bar Harbor, ME, USA, RRID: IMSR_JAX: 000485). The
MRL/lpr mice are susceptible to lupus and are consistent
with LN patients in terms of pathological change and
clinical performance. All the animal experiments were
approved by the Institutional Animal Care and Use
Committee of Hebei Medical University (approval ID:
HebMU 20080026). The mice weighting 30−35 g were fed
in standard environment with regular light/dark cycles
and free access to water and food diet. The MRL/lpr
lupus-prone mice aged 30 weeks were divided into two
groups according to the level of proteinuria: mild pro-
teinuria MRL/lpr mice (MRL/lpr-MP) and severe protei-
nuria MRL/lpr mice (MRL/lpr-SP) (MRL/lpr-MP group
UPro < 43.51 mg/24 h, n= 10; MRL/lpr-SP group UPro >
43.51 mg/24 h, n= 10). Ten MRL/MPJ mice, whose age
and weight matched the MRL/lpr mice, served as the
control group. In addition, 18 MRL/lpr mice, aged
27 weeks, were randomly divided into three groups: MRL/
lpr group, MRL/lpr-shNC-Ad group, and MRL/lpr-
shNestin-Ad group (Cyagen Biotechnology Co., Ltd, Santa
Clara, California, USA). The mice in the MRL/lpr-shNC-
Ad group and the MRL/lpr-shNestin-Ad group were
renally injected with 50 μL 1 × 109 infective units of ade-
noviruses in both kidneys14. Six MRL/lpr mice and six
MRL/MPJ mice were injected with isometric saline. After
3 weeks, the mice were sacrificed at age 30-week-old after
collecting the 24-h urine and blood samples, and the renal
cortex was collected for relevant investigations. The 24 h
proteinuria was detected by a mouse urine protein
enzyme-linked immunosorbent assay quantitation kit
according to the manufacturer’s protocol (ZCi Bio,
Shanghai, China, #ZC-38527).

Immunofluorescence
IF staining was carried out as described in our precious

study15. The antibody concentration was anti-nestin
(1:200; Abcam, Cambridge, MA, USA, #ab11306, RRID:
AB_1640723 and #ab22035, RRID: AB_446723), anti-
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synaptopodin (1:200; Proteintech, Rosemont, IL, USA,
#21064-1-AP, RRID: AB_10733120), anti-light chain 3
(LC3, 1:200; Proteintech, #12135-1-AP, RRID:
AB_2281381), anti-p62 (1:200; Proteintech, #18420-1-AP,
RRID: AB_10694431) and anti-PTEN-induced putative
kinase protein 1 (PINK1, 1:200; Proteintech, #23274-1-
AP). The images of the section and cells were captured
with laser scanning confocal microscope (Leica, Wetzlar,
Germany). Image Pro Plus (Media Cybernetics, Silver
Spring, MD) was used to quantify the results, and the
average integrated optical density (IOD) value was
quantified to indicate the expression of protein.

Immunohistochemistry
The 4% formaldehyde-fixed renal tissue sections were

deparaffinized in xylene and rehydrated through graded
ethanol. After antigen recovery was performed using a
pressure cooker, the endogenous peroxidase was blocked
with 3% H2O2 for 30min at room temperature. Then the
slides were blocked with 10% goat serum and were
respectively incubated with primary antibodies against
nestin (1:200; Abcam, #ab11306, RRID: AB_1640723 and
#ab22035, RRID: AB_446723) and nephrin (1:200; Santa,
Dallas, TX, USA, #sc-377246), Mfn1 (1:200; Proteintech,
#13798-1-AP, RRID: AB_2266318) and Drp1 (1:200;
Abcam, #ab184247) overnight at 4 °C. Then the sections
were incubated with polymer helper and polyperoxidase-
anti-mouse/rabbit IgG at 37 °C, and finally stained with
diaminobenzidine. Finally images were captured using an
Olympus microscope (OLYMPUS, BX71, Tokyo, Japan).
The average integrated optical density value was quanti-
fied to indicate the expression of protein by Image Pro
Plus (Media Cybernetics).

Western blotting
The total protein fromMPCs or the renal cortex of mice

was extracted by the RIPA lysis buffer. Equal amount of
protein extracts (30 μg) was separated by 10 or 12% SDS-
PAGE and then transferred to PVDF membranes (Milli-
pore, Billerica, MA, USA). The membranes were blocked
with 5% BSA (albumin from bovine serum) for 1.5 h at
37 °C. Then the membranes were incubated overnight at
4 °C with a 1:1000 dilution of nestin (Abcam, #ab11306,
RRID: AB_1640723), nephrin (Abcam, #ab58968, RRID:
AB_944400), p-nephrin-Y1217 (Abcam, #ab80298, RRID:
AB_1603375), PINK1 (Proteintech, 23274-1-AP), LC3
(Proteintech, #12135-1-AP, RRID: AB_2281381), p62
(Proteintech, #18420-1-AP, RRID: AB_10694431), Atg5
(CST, Danvers, MA, USA, #12994, RRID: AB_2630393),
Atg12 (CST, #4180, RRID: AB_1903898), Atg16 (CST,
#8089, RRID: AB_10950320), Mfn1 (Proteintech, #13798-
1-AP, RRID: AB_2266318) and Drp1 (Abcam, #ab184247)
antibody. On the second day, the membranes were
incubated with a horseradish peroxidase-conjugated goat

anti-rabbit or mouse IgG antibody (1:5000; Proteintech,
#SA00001-2, RRID: AB_2722564 and #SA00001-1, RRID:
AB_2722565). After washing, the images were captured
using the LI-COR Odyssey Infrared Imaging System
(Lincoln, NE, USA). All experiments were repeated at
least three times.

Cell culture and groups
The immortalized mouse podocyte cell lines (MPCs)

were purchased from the Chinese Academy of Sciences,
and were cultured in DMEM-F12 (5:1) medium (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS, Thermo Fisher Scientific) at
two different temperatures. At 33 °C, cells were allowed to
proliferate (permissive condition) in the presence of 10
−50 U/mL mouse recombinant IFN-γ (Proteintech, HZ-
1301). For the induction of differentiation (nonpermissive
condition), podocytes were thermo-shifted to 37 °C in the
absence of IFN-γ for 14 days. (1) To investigate the effect
of LN plasma on the expression of nestin, nephrin, p-
nephrin, Mfn1, Drp1, autophagy-associated proteins, fyn
and PTP1B, ROS production and ATP level, the MPCs
were randomly exposed to LN plasma (10%) and collected
at 0, 12, 24, 36 and 48 h, and Western blot, IF, MitoSOX
and flow cytometry (FCM) techniques were used. (2) To
further explore the role of nestin in the phosphorylation
of nephrin, mitophagy and the generation of ROS in
MPCs, the MPCs were randomly divided into 11 groups:
control FBS, shNestin, shNC, WT-Nestin, NC, control
plasma, LN plasma, LN plasma+ shNestin, LN plasma+
shNC, LN plasma+WT-Nestin, and LN plasma+NC
group, and the cells were collected at 24 h treated with
control plasma (10%) or LN plasma (10%). The expression
of nestin, nephrin, p-nephrin, Mfn1, Drp1, autophagy-
associated proteins, fyn, PTP1B was detected by Western
blot; ROS production was measured by the MitoSOX and
FCM techniques; and the mitochondrial function and
morphology were detected by JC-1 and Mito Tracker,
respectively. (3) To explore the role of mitophagy in
nestin, expression and phosphorylation of nephrin and
the production of ROS, the MPCs were randomly divided
into five groups: control plasma, LN plasma, LN plasma
+ siPINK1, LN plasma+ siNC and LN plasma+ 3-MA
(3-Methyladenine) group. The cells were pretreated with
3-MA (5mM; MCE, New Jersey, USA, #HY-19312) for
30min or transfected with siPINK1 and then stimulated
with control plasma (10%) or LN plasma (10%). At 24 h,
the cells were collected and related indicators were
detected. (4) To further investigate the relationship
between the ROS production and nestin, mitophagy,
nephrin and p-nephrin (Y1217), the MPCs were randomly
divided into five groups: control plasma, LN plasma, LN
plasma+N-acetyl cysteine (NAC), LN plasma+Mito-
TEMPO, LN plasma+DMSO group. The MPCs in LN
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plasma+NAC and LN plasma+Mito-TEMPO were
pretreated with NAC (2 mM; Aladdin, Shanghai, China,
#A105422) and Mito-TEMPO (10 μM; MCE, HY-112879)
for 60min and then stimulated with LN plasma (10%) for
24 h, and the MPCs in the LN plasma+DMSO group
were stimulated with isometric DMSO. And Western blot
was used to detect the expression of nestin, mitophagy-
associated proteins, PTP1B, nephrin and p-nephrin
(Y1217). (5) To investigate whether the PTP1B/Fyn
imbalance could cause phosphorylation of nephrin, we
randomly divided the MPCs into five groups: control
plasma, LN plasma, LN plasma+ PTP1B inhibitor, LN
plasma+ SU6656, and LN plasma+DMSO group. The
MPCs in LN plasma+ PTP1B inhibitor and LN plasma+
SU6656 group were pretreated with PTP1B inhibitor
(10 μM; APExBIO, Houston, Texas, USA, #C3772) for
60min, and SU6656 (10 μM; APExBIO, #B5839) for
30min and then stimulated by LN plasma (10%) for 24 h.
And isometric DMSO was used to stimulate the MPCs in
the LN plasma+DMSO group. Then Western blot was
used to detect the expression of PTP1B, fyn, nephrin and
p-nephrin (Y1217).

Plasmids and transfection
MPCs were transfected with Nestin-shRNA, Nestin-

WT (Cyagen) or siPINK1 (RIBOBIO, Guangzhou, China,
#siB160329020753-1-5) using Lipofectamine 3000
according to the manufacturer’s protocols (Invitrogen,
Carlsbad, CA, USA, #L3000015). The mRFP-GFP-LC3
plasmid was kindly provided by Prof Liu. The rationale of
this assay was based on the pH difference between the
acidic autolysosome and the neutral autophagosome, and
the pH sensitivity differences exhibited by green fluor-
escent protein (GFP) and red fluorescent protein (RFP) to
monitor progression from autophagosome to autolyso-
some. When an autophagosome fuses with a lysosome to
form an autolysosome, the GFP moiety degrades from the
tandem protein, but mRFP-LC3 maintains the puncta,
and the fluorescence was observed with a laser scanning
confocal microscope (Leica, Wetzlar, Germany). GFP,
mRFP and the merged dots/cell were used for quantita-
tion of autophagy flux, and 20 cells were counted in
each group.

Electron microscopy
The renal cortex of the mice was sectioned into 1 mm3

cubes with a cold blade and fixed with 2.5% glutar-
aldehyde. The ultrastructure of the podocytes in renal
cortex was observed with a transmission electron
microscopy (TEM).

Mitochondrial membrane potential
The mitochondrial membrane potential (MMP) of

MPCs was monitored using JC-1 (Invitrogen, #M34152).

Firstly, cells were seeded on slides. After treatment, the
cells were incubated with JC-1 for 20min at 37 °C in the
dark. Then the cells were washed with PBS, and the
fluorescence was observed with a laser scanning confocal
microscope (Leica, Wetzlar, Germany).

ATP measurement
In accordance with the standard experimental protocol

of Beyotime (PRC), cultured cells were homogenized after
LN plasma treatment, and the ATP content in MPCs was
determined using an ATP Bioluminescence Assay Kit
(Beyotime, Shanghai, China, #S0027) according to the
manufacturer’s instructions with a luminescence plate
reader (Thermo Fisher Scientific) and an integration time
of 10 s.

Mito Tracker staining
After treatment, the above cells were collected and

incubated with 250 nM Mito Tracker Red (Invitrogen,
#M7512) for 30min at 37 °C in the dark. Then the cells
were washed by PBS, and observed using a laser scanning
confocal microscope (Leica, Wetzlar, Germany). Image
Pro Plus was used to quantify the results.

MitoSOX staining
After treatment, the above cells were collected and

incubated with 5 μM MitoSOX Red (Invitrogen,
#M36008) for 15min at 37 °C in the dark. Then the cells
were washed by HBSS (Hank’s balanced salt solution), and
observed using a laser scanning confocal microscope
(Leica, Wetzlar, Germany).

Flow cytometry
The MPCs were treated as described above and incu-

bated with 10 μM DCFH-DA (Beyotime, #S0033) for
20min at 37 °C. Then the cells were washed with PBS, and
the analysis of the fluorescence intensity was performed
by a FACSCalibur flow cytometer with CellQuest software
(Beckman, Brea, CA, USA).

PAS staining
After dewaxing and rehydration, 2-μm paraffin sections

were stained with PAS. Light microscopy (OLYMPUS,
BX71) was used to observe morphological changes in the
glomeruli, including cell proliferation, basement mem-
brane thickening, and mesangial areas.

Statistical analysis
Results were expressed as the mean ± standard error of

mean (SEM). SPSS 21.0 (SPSS, Inc., Chicago, IL) was used
for data analysis. Student’s t test and Mann−Whitney
nonparametric tests were applied to compare the variables
between the two groups. One-way analysis of variance
(ANOVA) was performed to evaluate the statistical
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Fig. 1 (See legend on next page.)
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significance between multiple comparisons by Bonferro-
ni’s correction. A P value < 0.05 was considered statisti-
cally significant.

Results
Nestin contributed to the proteinuria formation by
regulating nephrin in lupus nephritis
Our previous study has proved that abnormal nestin

expression played an important role in regulating proteinuria
in diabetic nephropathy11. To determine the relationship
between nestin and proteinuria in LN, the LN patients were
divided into two groups according to the proteinuria level.
The control renal tissues were obtained from patients with
renal tumors during operation, pathologically diagnosed as
normal kidney tissues (Supplementary Fig. S1a). As shown in
Fig. 1a, the nestin expression was colocated with synapto-
podin in podocytes of glomeruli, and nestin expression
increased in podocytes in the LN-MP group compared with
the control group. Importantly, a notable decrease in nestin
was observed in the LN-SP group compared with the LN-
MP group, suggesting the potential correlation between
nestin and proteinuria.
To further investigate the possible mechanism of nestin in

the formation of proteinuria of LN, IHC staining was used to
analyze the location and expression of nephrin along with
nestin in LN patients. Interestingly, as illustrated in Fig. 1b, c,
the nephrin was significantly correlated with nestin in the
glomeruli of LN patients. Specifically, nephrin expression was
decreased with lower nestin in late LN patients with aggra-
vated proteinuria. Moreover, there was a significantly nega-
tive correlation between proteinuria and nestin or nephrin
(Fig. 1d, e).
Furthermore, we determined the relationship between

nestin and nephrin protein in MRL/lpr mice. Similar to
LN patients, the results in mice showed that the nephrin
was positively correlated with nestin and negatively with
proteinuria (Fig. 1f–i). In the meantime, we detected p-
nephrin (Y1217) expression. The results showed that
nestin, nephrin and p-nephrin (Y1217) expression sig-
nificantly increased in MRL/lpr-MP mice compared with
MRL/MPJ mice, while it significantly decreased in MRL/
lpr-SP mice compared with MRL/lpr-MP mice (Fig. 2a, b).

These results indicated that nestin and nephrin might be
related to the proteinuria that was involved in the
pathogenesis of LN.
To clarify the mechanism of differential nephrin expression

and whether nestin mediated the injury of podocyte by
regulating nephrin, RNAi technique was used in MPCs.
Figure 2c, d shows that nestin, nephrin and p-nephrin
(Y1217) expression increased in MPCs stimulated by LN
plasma at 24 h, and then decreased. Compared with the
control FBS group, there was no difference in nestin, nephrin
and p-nephrin expression in the control plasma group
(Supplementary Fig. S1b, c). Then, as shown in Fig. 2e–h,
knockdown of nestin significantly decreased the nephrin and
p-nephrin expression in MPCs. After transfection with WT-
Nestin plasmid, the protein level of nestin was significantly
elevated as compared with the NC group (Fig. 2i, j). However,
overexpression of nestin could upregulate the nephrin and p-
nephrin (Y1217) expression in MPCs (Fig. 2k–n). The results
indicated that nestin might be involved in podocyte injury
and proteinuria formation via regulating the expression and
phosphorylation of nephrin.

Nestin regulated the expression and phosphorylation of
nephrin by enhancing the mitophagy in LN
In histopathological examination of the kidneys in MRL/

lpr mice, we found a large number of autophagosomes in the
podocytes with slight foot fusion in MRL/lpr-MP mice, but
few autophagosomes in the podocytes with severe foot fusion
in MRL/lpr-SP mice using TEM (Fig. 3a). Studies reported
that increased autophagy had a cytoprotective effect against
antibodies and interferon-α-induced podocyte injury in LN16.
Is the effect of nestin on podocyte injury related to autop-
hagy? As shown in Fig. 3b, c, either LC3 or p62 was colocated
with nestin. In the meantime, nestin and LC3 expression
both increased and p62 decreased in the MRL/lpr-MP mice
compared with the MRL/MPJ group (Fig. 3b–d). Never-
theless, nestin and LC3 decreased and p62 increased in the
MRL/lpr-SP mice compared with the MRL/lpr-MP mice.
Moreover, the results in LN patients were consistent with
mice (Fig. 3e, f).
Moreover, we utilized the mRFP-GFP-LC3 plasmid to

further confirm autophagy induction by forming puncta

(see figure on previous page)
Fig. 1 Nestin was consistent with nephrin expression, and negatively correlated with proteinuria in lupus nephritis. a Expression of nestin
protein and synaptopodin in the glomerulus of LN patients was detected by immunofluorescence. Scale bars: 25 μm. b Expression of nestin and
nephrin protein in glomerulus of LN patients in different stages was detected by immunohistochemistry. Scale bars: 50 μm. c There was a significantly
positive correlation between nestin expression and nephrin expression in LN patients (n= 80 glomeruli). d There was a significantly negative
correlation between nestin expression and proteinuria level in LN patients (n= 52 patients). e There was a significantly negative correlation between
nephrin expression and proteinuria level in LN patients (n= 52 patients). f Expression of nestin and nephrin protein in glomerulus of MRL/lpr mice
was detected by immunohistochemistry. Scale bars: 50 μm. g There was a significantly positive correlation between nestin and nephrin expression in
MRL/lpr mice (n= 19 mice). h There was a significantly negative correlation between nestin expression and proteinuria level in MRL/lpr mice (n= 19
mice). i There was a significantly negative correlation between nephrin expression and proteinuria level in MRL/lpr mice (n= 19 mice).
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Fig. 2 Nestin regulated the expression and phosphorylation of nephrin in MPCs stimulated with LN plasma. a, b Expression of nestin,
nephrin and p-nephrin (Y1217) protein in renal cortex of MRL/lpr mice was detected by Western blot. *P < 0.05 vs. MRL/MPJ mice, #P < 0.05 vs. MRL/
lpr-MP mice (n= 3). c, d Western blot assay showed the nestin, nephrin and p-nephrin (Y1217) expression in MPCs cultured with 10% LN plasma. *P
< 0.05 vs. 0 h group (n= 3). e, f Western blot assay showed the nestin, nephrin and p-nephrin (Y1217) expression in MPCs, which knocked down
nestin expression and treated with 10% LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ shNC group (n= 3). g, h
Western blot assay showed the nestin, nephrin and p-nephrin (Y1217) expression in MPCs, which knocked down nestin expression. *P < 0.05 vs. shNC
group (n= 3). i, jWestern blot assay showed the nestin expression in MPCs after transfected with the WT-Nestin plasmid. *P < 0.05 vs. NC group (n=
3). k, l Western blot assay showed the nestin, nephrin and p-nephrin (Y1217) expression in MPCs, which was transfected with WT-Nestin plasmid and
treated with 10% LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ NC group (n= 3).m, n Western blot assay showed
the nestin, nephrin and p-nephrin (Y1217) expression in MPCs, which upregulated nestin expression by transfection with WT-Nestin plasmid. *P <
0.05 vs. NC group (n= 3). Bonferroni’s correction was performed to analyze statistical significance. Values are mean ± SEM.
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Fig. 3 (See legend on next page.)
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in vitro, which represented autophagosome formation as
described17. As shown in Fig. 3g–i, after transfection with
mRFP-GFP-LC3 plasmid, we observed the successful
introduction of this plasmid showing both fluorescent
proteins. In addition to accumulation of LC3, there were
more red puncta in LN plasma-induced MPCs at 24 h
than 0 h, which further confirmed the induction of auto-
lysosome formation, indicating that LN plasma mediated
autophagy flux in podocytes. Importantly, IF in Fig. 4a
showed that nestin, PTEN-induced putative kinase pro-
tein 1 (PINK1), a key initiator of mitophagy, and LC3
expression significantly increased in LN plasma-
stimulated MPCs at 24 h, while p62 decreased. In addi-
tion, the results in Fig. 4b, c revealed that PINK1, LC3,
Atg5, Atg12 and Atg16 expression was upregulated,
whereas p62 expression decreased in MPCs exposed to
LN plasma at 24 h, and the control plasma had no effect
on Atg5, Atg12, Atg16, PINK1, LC3, and p62 expression
compared with the control FBS group (Supplementary
Fig. S1b, d).
Subsequently, in order to explore the relationship

between autophagy and nestin or nephrin, 3-MA, a spe-
cific inhibitor of autophagy, was used to inhibit the
autophagy. As shown in Fig. 4d–f, 3-MA significantly
inhibited the Atg5, Atg12, Atg16, PINK1, and LC3 pro-
tein, and then decreased nephrin and p-nephrin (Y1217)
expression induced by LN plasma in MPCs. Importantly,
PINK1-specific siRNA could decrease the PINK1
expression and inhibit the mitophagy, and knockdown of
PINK1 expression also downregulated nephrin and p-
nephrin (Y1217) expression induced by LN plasma (Fig.
4g, h). However, nestin was not affected by 3-MA and
siPINK1. The results were similar in MPCs without LN
plasma treatment (Supplementary Fig. S2). Above all, the
mitophagy could affect the expression and phosphoryla-
tion of nephrin in podocyte.
Is the effect of mitophagy on nephrin mediated by

nestin? Then, we knocked down the nestin expression and
detected the autophagy level in MPCs. Figure 4I, j shows
PINK1, Atg5, Atg12, Atg16 and LC3 expression decreased
and p62 increased in the LN plasma+ shNestin group
compared with the LN plasma+ shNC group, and nestin
also regulated the autophagy-related proteins in MPCs

without LN plasma (Fig. 4k, l). Simultaneously, given the
nestin overexpression in MPCs by WT-Nestin plasmid,
the PINK1, Atg5, Atg12, Atg16 and LC3 expression
increased and p62 decreased (Fig. 4m–p). Above all, we
speculated that nestin regulated the expression and
phosphorylation of nephrin by mediating the mitophagy
in podocyte.

Nestin regulated the mitochondrial function by the
imbalance of mitochondrial division and fusion
To verify the reason why nestin could regulate the

mitophagy and in turn contributed to the expression and
phosphorylation of nephrin, mitochondrial structure and
function were detected. Interestingly, JC-1 fluorescence
detection showed a decrease of the red fluorescence that
was accumulated in the mitochondria and an increase of
the green fluorescence distributed in the cytoplasm in
MPCs exposed to LN plasma at 12 and 48 h compared to
the 0 h group, which indicated that LN plasma decreased
the MMP (Fig. 5a, b). However, the MMP increased in
MPCs cultured with LN plasma at 24 h in contrast to 12
and 48 h, thus suggesting MMP changes in a wavy trend.
Then, ATP levels significantly increased in the MPCs
cultured with LN plasma at 24 h compared with 12 and
48 h (Fig. 5c). In addition, Western blot showed the
expression of Mfn1 and Drp1, mitochondrial fusion and
division protein, increased in MPCs exposed to LN
plasma at 24 h (Fig. 5d), and compared with the control
FBS group, there was no difference in Mfn1 and Drp1
expression in the control plasma group (Supplementary
Fig. S1b, e). As shown in Fig. 5f–h, Mfn1 and Drp1
expression increased in glomeruli of LN patients com-
pared to the control group. In addition, Mito Tracker Red
showed that mitochondrial morphology was spherical
with increased circularity and decreased aspect ratios in
MPCs of the LN plasma group (Fig. 5i–k). Based on the
above results, there was an imbalance of mitochondrial
fusion and division in podocyte of LN, which activate the
mitophagy to remove the damaged mitochondria. How-
ever, once decompensated, mitochondrial damage leads
to mitochondrial dysfunction. In order to explore the role
of nestin in mitochondrial injury in LN, we knocked down
nestin expression in MPCs. The number of spherical

(see figure on previous page)
Fig. 3 Autophagy was increased in podocytes of lupus nephritis with mild proteinuria. a Electron microscopy assay showed the ultrastructure
of the podocytes in renal cortex of MRL/lpr mice. Red arrows referred to autophagosomes. Scale bars: 250 nm. b–d IF assay showed that the
expression of nestin, LC3 and p62 in glomeruli of MRL/lpr mice. Scale bars: 25 μm. *P < 0.05 vs. MRL/MPJ mice, #P < 0.05 vs. MRL/lpr-MP mice. e, f IF
assay showed that the expression of nestin and LC3 in glomeruli of LN patients. Scale bars: 25 μm. *P < 0.05 vs. control group, #P < 0.05 vs. LN-MP
group. g IF assay showed that the autophagosome after mRFP-GFP-LC3 plasmid transfected to MPCs stimulated with LN plasma. Scale bars: 10 μm. h
Quantitative data for green or red puncta per cell after mRFP-GFP-LC3 plasmid transfected to MPCs stimulated with LN plasma. *P < 0.05 vs. 0 h
group. i Quantitative data for yellow or free red puncta per cell after mRFP-GFP-LC3 plasmid transfected to MPCs stimulated with LN plasma. *P < 0.05
vs. 0 h group. Bonferroni’s correction was performed to analyze statistical significance. Values are mean ± SEM.
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mitochondria (Fig. 5i–k) was increased in the LN plasma
+ shNestin group compared with the LN plasma+ shNC
group, whereas the MMP decreased (Fig. 5l, m), and Mfn1
and Drp1 expression decreased (Fig. 5n–q). In contrast,
more mitochondria became rod-shaped in MPCs stimu-
lated with LN plasma and transfected by WT-Nestin
plasmid (Fig. 5i–k).

Mitophagy and ROS production induced by LN plasma
interacted with each other
To determine whether mitochondrial dysfunction could

affect ROS generation in MPCs cultured with LN plasma,
we examined cellular ROS production. MitoSOX and FCM
showed that ROS production was decreased in MPCs sti-
mulated with LN plasma at 24 h and increased at 48 h
compared to the 0 h group (Fig. 6a–c). Would the ROS
production affect mitophagy? Subsequently, in order to
explore the relationship between ROS production and
mitophagy or nestin, NAC, an antioxidant compound, and
Mito-TEMPO, a mitochondria-targeted superoxide dis-
mutase mimetic with superoxide and alkyl radical scaven-
ging properties, were used. The PINK1 and LC3 expression
decreased and the p62 increased in MPCs pretreated with
NAC and Mito-TEMPO and stimulated with LN plasma
(Fig. 6d–g). However, the nestin expression was not affected
by NAC and Mito-TEMPO. The results were similar in
MPCs without LN plasma stimulation (Supplementary Fig.
S3). ROS production could affect mitophagy in MPCs, and
what is the effect of mitophagy on ROS production?
MitoSOX and FCM showed that ROS production was
decreased in MPCs pretreated with 3-MA (Fig. 6h–j), which
indicated that mitophagy could affect the ROS production.
Importantly, the ROS generation was much lower once
knocking down the nestin expression, and increased due to
overexpression of nestin (Fig. 6k–m). Taken together, these
results indicated that mitophagy and ROS production could
interact with each other, and nestin could regulate the
mitophagy and ROS production.

Abnormal ROS production by mitochondria broke the
PTP1B/Fyn balance and promoted phosphorylation of
nephrin
Phosphorylation and dephosphorylation of nephrin

tyrosine residues are mainly regulated by the balance of
fyn and PTP1B13. PTP1B, a member of the PTPs family, is
a group of ROS-sensitive enzymes. PTPs lose activity
when endogenous ROS increases, while PTPs restore
phosphatase activity when endogenous ROS is reduced.
The fyn and PTP1B expression increased in MPCs sti-
mulated with LN plasma at 24 h compared with the 0 h
group (Fig. 7a, b), whereas the ROS production decreased
(Fig. 6a–c). The PTP1B expression was opposite to ROS
production in MPCs. Then, the MPCs were pretreated
with PTP1B inhibitor and SU6656, a selective Src family
kinase inhibitor, followed by stimulation with LN plasma
to reveal the effect of PTP1B and fyn on the nephrin
phosphorylation. Western blot showed PTP1B inhibitor
promoted nephrin phosphorylation, which, however, was
abolished by SU6656 in MPCs (Fig. 7c–h). In the mean-
time, the nephrin expression was also affected by PTP1B
and fyn, and was consistent with the change trend of p-
nephrin, and the ratio of p-nephrin to total nephrin
increased in the LN plasma+ PTP1B inhibitor group and
decreased in the LN plasma+ SU6656 group compared
with the LN plasma+DMSO group. The results were
similar in MPCs without LN plasma treatment (Supple-
mentary Fig. S4), and compared with the control FBS
group, there was no difference in the PTP1B and fyn
expression in the control plasma group (Supplementary
Fig. S1b, e).
Subsequently, the PTP1B expression increased, and

nephrin and p-nephrin (Y1217) decreased in the MPCs
pretreated with NAC and Mito-TEMPO and stimulated
by LN plasma (Fig. 7i–l), and the results were similar in
MPCs without LN plasma stimulation (Supplementary
Fig. S3). Simultaneously, the PTP1B expression increased
in the LN plasma+ 3-MA and the LN plasma+ siPINK1

(see figure on previous page)
Fig. 4 Nestin induced the mitophagy increased in lupus nephritis, and regulated the phosphorylation of nephrin by mitophagy. a IF assay
showed that the expression of nestin, LC3, p62 and PINK1 in MPCs treated with LN plasma. Scale bars: 10 μm. b, c Western blot assay showed the
expression of Atg5, Atg12, Atg16, PINK1, LC3 and p62 in the MPCs exposed to LN plasma. *P < 0.05 vs. 0 h group (n= 3). d–f Western blot assay
showed the expression of Atg5, Atg12, Atg16, PINK1, LC3, p62, nestin, nephrin and p-nephrin (Y1217) in the MPCs, which were pretreated with 3-MA
to inhibit the autophagy and exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma group, n.s. no significance (n
= 3). g, h Knockdown of the expression of PINK1 effectively by siPINK1 in MPCs exposed to LN plasma for 24 h, Western blot assay showed the
expression of PINK1, nestin, nephrin and p-nephrin (Y1217). *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ siNC group, n.s. no
significance (n= 3). i, jWestern blot assay showed the downregulation of nestin affected the expression of Atg5, Atg12, Atg16, PINK1, LC3 and p62 in
the MPCs exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ shNC group (n= 3). k, l Western blot assay
showed the downregulation of nestin affected the expression of Atg5, Atg12, Atg16, PINK1, LC3 and p62 in the MPCs. *P < 0.05 vs. control FBS group
(n= 3). m, n Western blot assay showed the overexpression of nestin affected the expression of Atg5, Atg12, Atg16, PINK1, LC3 and p62 in the MPCs
exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ NC group (n= 3). o, p Western blot assay showed the
overexpression of nestin affected the expression of Atg5, Atg12, Atg16, PINK1, LC3 and p62 in the MPCs. *P < 0.05 vs. control FBS group (n= 3).
Bonferroni’s correction was performed to analyze statistical significance. Values are mean ± SEM.
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group (Fig. 7m–p), and the ROS generation was much
lower once inhibiting the autophagy (Fig. 6h–j). And the
PTP1B expression increased in the 3-MA and siPINK1
group without LN plasma stimulation (Supplementary
Fig. S2). Above all, these results indicated that ROS pro-
duction affected PTP1B activity, thereby inducing the
imbalance of PTP1B/Fyn, and thus participating in the
occurrence of tyrosine phosphorylation of nephrin.
In order to explore the role of nestin in ROS-induced

PTP1B/Fyn imbalance, we knocked down the nestin
expression in MPCs, as the ROS generation was much
lower once knocking down the nestin expression (Fig.
6k–m). The fyn expression was reversed and PTP1B
further increased in MPCs, which knocked down the
nestin expression (Fig. 7q–t). Together, these results
suggested that nestin-regulated mitophagy might protect
mitochondrial function, whereas ROS produced by the
imbalance of mitochondrial function broke the PTP1B/
Fyn balance and subsequently promoted phosphorylation
of nephrin.

Nestin protected podocytes against injury and ameliorated
proteinuria in MRL/lpr mice
To further explore the protection of nestin against

podocytes injury by promoting the expression and
phosphorylation of nephrin in vivo, MRL/lpr mice with
mild proteinuria was renally injected with Nestin-
shRNA-Ad (Fig. 8a). We found that knockdown of
nestin expression in podocytes could aggravate pro-
teinuria in the MRL/lpr mice (Fig. 8b). HE and PAS
staining showed larger renal glomeruli volume,
mesangial cell expansion, and matrix accumulation in
the MRL/lpr mice. However, the pathological changes
were strengthened by the knockdown of nestin (Fig.

8c). TEM revealed that knockdown of nestin aggra-
vated the lesions and destroyed the integrity of podo-
cytes by aggravating the foot process fusion (Fig. 8d). In
addition, the nestin, nephrin and LC3 expression was
increased in the MRL/lpr mice compared to the MRL/
MPJ mice, and the p62 decreased (Fig. 8e–g). However,
the results were reversed after the knockdown of nes-
tin. Meanwhile, the p-nephrin expression was
increased in the MRL/lpr mice, and decreased after the
knockdown of nestin (Fig. 8h, i). Taken together, these
results showed that nestin protected podocytes against
injury by inducing mitophagy and upregulating the
expression and phosphorylation of nephrin in LN.

Discussion
Proteinuria is the main clinical manifestation of LN and

an important clinical indicator affecting the renal function
of patients, and is also one of the reference indicators for
judging disease activity18,19. Podocytes are highly specific
in glomerular innate cells and play a role in glomerular
basement membrane filtration barrier pore size and
charge20. A growing body of evidence has shown that
podocyte injury could cause proteinuria formation in
kidney disease21, and podocyte injury is a frequent
pathological phenomenon in many cases of proteinuria
nephropathy22. Other researchers and our team have
confirmed that podocyte injury could cause proteinuria in
LN11,23,24. And the normal expression of marker protein
of podocyte cell is a hallmark of cellular structure and
functional integrity25.
Nestin belongs to the class VI intermediate filament

cytoskeletal protein, which can be expressed in endo-
thelial cells and renal tubular epithelial cells during
kidney development. When the kidney is mature,

(see figure on previous page)
Fig. 5 Nestin induced the imbalance of mitochondrial division and fusion, leading to mitochondrial dysfunction. a JC-1 staining was used to
detect mitochondrial membrane potential of MPCs exposed to LN plasma. Scale bars: 10 μm. b Quantification of JC-1 fluorescence (red:green ratio)
showing changes in fluorescence intensity in MPCs exposed to LN plasma in different time. JC-1 fluorescence was normalized with the red-to-green
ratio of 0 h group. *P < 0.05 vs. 0 h group, #P < 0.05 vs. 12 h group, △P < 0.05 vs. 48 h group (n= 20). c ATP assay showed the ATP content in MPCs
exposed to LN plasma. *P < 0.05 vs. 12 h group, #P < 0.05 vs. 48 h group (n= 3). d, e Western blot assay showed the expression of Drp1 and Mfn1 in
the MPCs exposed to LN plasma. *P < 0.05 vs. 0 h group (n= 3). f–h IHC staining showed the expression of Drp1 and Mfn1 in LN patients. Scale bars:
50 μm. *P < 0.05 vs. control group. i Mito Tracker staining showed the mitochondria morphology of MPCs after nestin overexpression and
downregulation and exposed to LN plasma for 24 h. Scale bars: 10 μm. j Quantification of Mito Tracker staining (aspect ratio) in MPCs in different
treatment. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ shNC group, △P < 0.05 vs. LN plasma+NC group (n= 360). k Quantification
of Mito Tracker staining showing the different morphology mitochondrial numbers in MPCs in different treatment. *P < 0.05 vs. control plasma group,
#P < 0.05 vs. LN plasma+ shNC group, △P < 0.05 vs. LN plasma+ NC group (n= 20). l JC-1 staining was used to detect mitochondrial membrane
potential of MPCs after downregulation of the nestin expression and exposed to LN plasma for 24 h. Scale bars: 10 μm. m Quantification of JC-1
fluorescence (red:green ratio) showing changes in fluorescence intensity in MPCs in different treatment. JC-1 fluorescence was normalized with the
red-to-green ratio of the control plasma group. #P < 0.05 vs. LN plasma+ shNC group (n= 20). n, o Western blot assay showed the downregulation
of nestin affected the expression of Drp1 and Mfn1 in the MPCs exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN
plasma+ shNC group (n= 3). p, q Western blot assay showed the downregulation of nestin affected the expression of Drp1 and Mfn1 in the MPCs.
*P < 0.05 vs. control FBS group (n= 3). Student’s t test and Mann−Whitney nonparametric tests were applied to compare variables between two
groups. Bonferroni’s correction was performed to analyze statistical significance between multiple comparisons.
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nestin is expressed merely in differentiated and mature
podocytes and maintains the morphology of podo-
cytes8. Studies have shown that nestin expression in
podocytes is closely related to the proteinuria in kidney
diseases such as IgA nephropathy, membranous
nephropathy (MN) and focal stage glomerulo-
sclerosis9,26. Elsherbiny et al.27 have confirmed that
nestin expression was upregulated at 8 weeks of type I
diabetes mellitus. In contrast, Takagi et al.28 reported
that nestin expression in podocytes was already
decreased at the mild proteinuric stage of rat PAN
nephrosis on day 3. At the heavy proteinuric stage on
day 5, the prominent reduction of nestin was clearly
determined. Our previous study about diabetic
nephropathy has shown that nestin transiently
increased in glomeruli of diabetic rats accompanied
with less proteinuria, but nestin expression decreased
and proteinuria was aggravated as the disease pro-
gressed. While high glucose (HG) stimulated podo-
cytes, similar results were obtained, and decrease of
nestin expression contributed to the apoptosis of
podocytes induced by HG11. In this study, we explored
the relationship between nestin and proteinuria in LN,
and found that nestin was negatively correlated with
proteinuria and positively correlated with nephrin. It is
acknowledged that the abnormal expression of nephrin
suggests damage to the membrane. Researches have
indicated that nephrin expression decreased in glo-
meruli in hypertensive nephropathy, diabetic nephro-
pathy and gestational nephropathy, and nephrin was
detected in the urine of some patients with glomerular
proteinuria12. In this study, the results revealed that
nephrin expression was in line with nestin and nestin
was involved in the formation of proteinuria in LN
possibly through the mediation of nephrin expression.
Phosphorylated nephrin-dependent skeletal protein

regulatory systems are important pathways for

maintaining the homeostasis of the podocyte cytoske-
letal system. Studies have found that mutation of
nephrin-encoding gene Nphs1 led to severe proteinuria
and the disappearance of podocyte foot processes, which
further confirmed the importance of phosphorylation of
nephrin in the stability of podocyte cytoskeleton27.
Forbes et al.29 found that the level of tyrosine phos-
phorylation of nephrin increased first and then
decreased in the formation of glomerular-derived pro-
teinuria. In this study, we also found p-nephrin (Y1217)
expression was consistent with nestin in the MRL/lpr
mice and podocytes exposed to LN plasma in vitro.
Furthermore, regulating the phosphorylation of nephrin
might be one of the mechanism by which nestin affected
proteinuria of LN.
Studies have reported that increased autophagy has a

cytoprotective effect against antibodies and interferon-
α-induced podocyte injury in LN16. However, is the
expression and phosphorylation of nephrin in LN rela-
ted to autophagy? Autophagy is an evolutionarily con-
served and genetically regulated process that regulates
cell death and survival and plays an important role in
physiological and pathological conditions. Almost all
cells have basal levels of autophagy. In the environment
of nutrient deficiency, hypoxia or pathogen invasion,
autophagy activity is enhanced. The amino acids pro-
duced by degradation can be reused to maintain cell
homeostasis30. However, abnormal autophagy could
mediate disease. High-glucose stimulation could inhibit
the autophagy activity of podocytes, and intraperitoneal
injection of rapamycin in diabetic mice could promote
podocyte autophagy and alleviate podocyte injury31.
Studies also have reported that LN patients have sig-
nificantly greater podocyte injury and discrepant
autophagy levels16,32. One of the novel findings in the
present study was that a large number of bilayer mem-
brane autophagosomes were observed in the podocytes

(see figure on previous page)
Fig. 6 Nestin could regulate interacted ROS production and mitophagy caused by LN plasma. a, b MitoSOX and FCM assay showed the ROS
production of MPCs exposed to LN plasma. Scale bars: 25 μm. c Quantification of DCFH-DA mean fluorescence intensity showing changes in
fluorescence intensity in MPCs exposed to LN plasma in different times. DCFH-DA fluorescence was normalized with the mean fluorescence intensity
of 0 h group. *P < 0.05 vs. 0 h group (n= 3). d, e Western blot assay showed the expression of nestin, PINK1, LC3 and p62 in the MPCs, which were
pretreated with NAC and exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ DMSO group, n.s. no
significance (n= 3). f, g Western blot assay showed the expression of nestin, PINK1, LC3 and p62 in the MPCs, which were pretreated with Mito-
TEMPO and exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ DMSO group, n.s. no significance (n= 3). h, i
MitoSOX and FCM assay showed the ROS production of MPCs, which were pretreated with 3-MA and exposed to LN plasma for 24 h. Scale bars:
25 μm. j Quantification of DCFH-DA mean fluorescence intensity showing changes in fluorescence intensity in MPCs exposed to different treatment.
DCFH-DA fluorescence was normalized with the mean fluorescence intensity of control plasma group. *P < 0.05 vs. control plasma group, #P < 0.05 vs.
LN plasma group (n= 3). k, l MitoSOX staining and FCM showed the upregulation and downregulation of nestin affected the production of ROS in
the MPCs exposed to LN plasma for 24 h. Scale bars: 25 μm. m Quantification of DCFH-DA mean fluorescence intensity showing changes in
fluorescence intensity in MPCs exposed to different treatments. DCFH-DA fluorescence was normalized with the mean fluorescence intensity of the
control plasma group. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ shNC group, △P < 0.05 vs. LN plasma+ NC group (n= 3).
Bonferroni’s correction was performed to analyze statistical significance. Values are mean ± SEM.
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of MRL/lpr mice with low proteinuria. In addition, the
level of autophagy in the MRL/lpr mice with low pro-
teinuria was upregulated, which was consistent with
changes of nestin and nephrin expression. In vitro,
inhibition of autophagy or mitophagy could reverse the
nephrin expression and phosphorylation, but had no
effect on nestin. Our experimental results confirmed
that nestin affected the expression and phosphorylation
of nephrin through mitophagy in podocyte of LN.
Phosphorylation and dephosphorylation of nephrin

tyrosine residues are primarily regulated by fyn and
PTP1B, and the latter is sensitive to ROS. Mitochon-
dria act as an energy center and mitochondrial dys-
function directly leads to cytopathic energy
metabolism disorders. In addition, mitochondria pro-
duce a vast majority of ROS and become important
signal transduction regulators. When mitochondria
were damaged, ROS production was increased sig-
nificantly. However, a severe division or fusion disorder
of mitochondria contributed to blocking the oxidative
phosphorylation, decreasing ATP production and
reducing mitochondrial-derived ROS33. Li et al.34

revealed that impaired mitochondrial function of
podocytes and abnormal ROS production in diabetes
led to activation of the mitophagy to remove the
damaged mitochondria. In this study, the imbalance of
mitochondrial division and fusion in podocyte of LN
and mitochondrial dysfunction reduced ROS produc-
tion. Simultaneously, the PTP1B and fyn expression
was upregulated followed with an increase of p-
nephrin. Additionally, nestin mediated mitochondrial
fusion and division in podocytes of LN and caused
mitochondrial dysfunction. Furthermore, knockdown
of nestin aggravated the mitochondrial dysfunction and
reduced the Drp1 and Mfn1 expression. As known,
mitophagy is an important form to clear damaged

mitochondria and maintain intracellular stability35,36,
which is triggered by PINK1. Our results suggested that
imbalance of mitochondrial division and fusion caused
the dysfunction of mitochondria, thereby inducing the
mitophagy and abnormal ROS production, and then
breaking the PTP1B/Fyn balance. At the same time,
mitophagy and ROS production could affect each
other, and regulated the expression and phosphoryla-
tion of nephrin in podocyte.
In conclusion, our findings demonstrated that nestin

played a crucial role in podocyte-dependent proteinuria
by regulating the expression and phosphorylation of
nephrin in LN. Mitophagy and oxidative stress may be
one of the mechanisms (Supplementary Fig. S5). Nestin is
expected to be a therapeutic target for relieving
proteinuria of LN.
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(see figure on previous page)
Fig. 7 Abnormal ROS production induced the PTP1B/Fyn imbalance and promoted phosphorylation of nephrin. a, b Western blot assay
showed the expression of PTP1B and fyn in the MPCs exposed to LN plasma. *P < 0.05 vs. 0 h group (n= 3). c–e Western blot assay showed the
expression of PTP1B, nephrin and p-nephrin (Y1217) in the MPCs, which were pretreated with PTP1B inhibitor to inhibit the expression of PTP1B and
exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+DMSO group (n= 3). f–h Western blot assay showed the
expression of fyn, nephrin and p-nephrin (Y1217) in the MPCs, which were pretreated with SU6656 to inhibit the expression of fyn and exposed to LN
plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ DMSO group (n= 3). i, j Western blot assay showed the expression of
PTP1B, nephrin and p-nephrin (Y1217) in the MPCs, which were pretreated with NAC and exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma
group, #P < 0.05 vs. LN plasma+DMSO group (n= 3). k, l Western blot assay showed the expression of PTP1B, nephrin and p-nephrin (Y1217) in the
MPCs, which were pretreated with Mito-TEMPO and exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+
DMSO group (n= 3). m, n Western blot assay showed the expression of PTP1B in the MPCs, which were pretreated with 3-MA to inhibit the
autophagy and exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma group (n= 3). o, p Knockdown of the
expression of PINK1 effectively by siPINK1 in MPCs exposed to LN plasma for 24 h, Western blot assay showed the expression of PTP1B. *P < 0.05 vs.
control plasma group, #P < 0.05 vs. LN plasma+ siNC group (n= 3). q, r Western blot assay showed the downregulation of nestin affected the
expression of PTP1B and fyn in the MPCs exposed to LN plasma for 24 h. *P < 0.05 vs. control plasma group, #P < 0.05 vs. LN plasma+ shNC group (n
= 3). s, t Western blot assay showed the downregulation of nestin affected the expression of PTP1B and fyn in the MPCs. *P < 0.05 vs. control FBS
group (n= 3). Bonferroni’s correction was performed to analyze statistical significance. Values are mean ± SEM.
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Fig. 8 Nestin promoted the expression and phosphorylation of nephrin to ameliorate proteinuria in MRL/lpr mice. a Eighteen 27-week-old
mice were randomly divided into three groups: MRL/lpr group (n= 6); MRL/lpr+ shNestin group (n= 6); MRL/lpr+ shNC group (n= 6). The mice in
the MRL/lpr+ shNestin group and the MRL/lpr+ shNC group were renally injected with 50 μL 1 × 109 infective units of adenoviruses in both kidneys
at three sites, six MRL/MPJ mice enrolled as control mice, and six MRL/lpr mice were injected with isometric saline. Three weeks later, the mice were
sacrificed. b Linear regression showed the 24 h proteinuria of MRL/MPJ and MRL/lpr mice by ELISA method. *P < 0.05 vs. MRL/MPJ mice, #P < 0.05 vs.
MRL/lpr+ shNC mice. Every group n= 6. c HE and PAS staining showed the kidney histopathology of the MRL/lpr mice. Scale bars: 50 μm. d Electron
microscopy assay showed the ultrastructure of the podocytes in renal cortex of the MRL/lpr mice. Scale bars: 667 nm. e–g IHC staining showed the
expression of nestin, nephrin, LC3 and p62 in the MRL/lpr mice. Scale bars: 50 μm. *P < 0.05 vs. MRL/MPJ group, #P < 0.05 vs. MRL/lpr+ shNC group. h,
i Western blot assay showed the downregulation of nestin affected the expression of nestin, nephrin, and p-nephrin (Y1217) in MRL/lpr mice. *P <
0.05 vs. MRL/MPJ group, #P < 0.05 vs. MRL/lpr+ shNC group (n= 3). Bonferroni’s correction was performed to analyze statistical significance. Values
are mean ± SEM.
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